INTRODUCTION
Single emulsions are of high interest in different fields and therefore well investigated. They provide more advantages when an emulsion is part of another emulsion, as double-or multiple emulsion. Multiple emulsions, as novel food systems, reduce the amount of fat in food or encapsulate active substances. They are not only of interest for food, but also for pharmaceutical or cosmetic products. As in case of single emulsions, multi-modality and droplet size distribution (DSD) of multiple emulsions are important parameters for product quality and physical properties (e.g. viscosity and shelf life). These parameters are also important to gain insight into mechanisms taking place in the second step of the two-step production of double emulsions, which still is not understood in detail. Currently, common measurement techniques for the determination of DSD and its modality of single emulsions are Laser light scattering, Laser diffraction, Ultra sonic attenuation and PFG-NMR. However, acoustic and optical methods do not work properly or not even at all, when aiming for information about structure properties of the inner emulsions. Additionally, results on the outer emulsion are not reliable anymore when using the optical methods, due to multiple diffraction inside the double emulsion. PFG-NMR is a well established method to determine the droplet size distribution of single emulsions. It is known to work non-destructive with a small workload and a high selectivity. In this context, high selectivity means, that the optical properties of the media do not play a role. Using 1 H-NMR for example, only molecules containing hydrogen can be detected. These molecules can be differentiated by their specific chemical shift in high resolution NMR, or by relaxation filters as applied in low filed NMR. Therefore, the PFG-NMR method is in principle suitable to determine structural parameters like DSD in double emulsions. However, the current restrictions have to be exploited, and new models have to be created to analyze the signal decays measured on double emulsions. Molecular processes like diffusion phenomena, relaxation and spectral properties have to be understood in order to obtain a correct interpretation of the data and quantitative meaningful double emulsion"s DSD.
METHOD AND RESULTS

Methods
Preparation of W 1 /O/W 2 Double Emulsions.
The double emulsions were produced in a two-step process: First, the inner emulsion was produced, using a tooth rim dispersing device. The inner emulsion consisted of water W 1 with 0.5% gelatine and vegetable oil with 10% PGPR90. In the second step, the inner emulsion was further emulsified by a colloid mill with water W 2 containing 2% LEO-10 and, recipe depended, 0.6% Xanthan. The typical range of mean oil droplets size is d 50,3 = 14 µm, and of W 1 droplets d 50,3 = 6 µm. In this work, double emulsions of the type W 1 /O/W 2 with a disperse phase ratio of 15%/35%/50% (Figure 1a) ) were investigated by PFG-STE NMR experiments (Figure 1b) ) and confocal laser scanning microscopy (CLSM). Table 1 . The sequence is known to be a suitable method to measure molecular diffusion phenomena. In comparison to a PFG-SE Hahn-Echo experiment, it allows longer diffusion times due to the "T 2 -bypass" after the second gradient pulse so that the diffusion time is restricted by T 1 . PFG-NMR measures the displacement of molecules during . In pure substances, the diffusion of molecules is described by random movement, with a final displacement r(), 1-3 In confining geometries, like in an emulsion"s droplets, the mean free path differs from the one observed at free self-diffusion. Therefore, molecules exposed to restricted diffusion exhibit a different PFG-NMR signal. Summarizing, molecules in confined geometries show a different diffusion behaviour than molecules in the pure substance. The double emulsions were additionally investigated by a CLSM in order to compare NMR results to a more direct method. To obtain a contrast between the three phases the oil phase was dyed with Rhodamine-B. CLSM was used because of its 2.5D-capability. This allows a scan of the sample slice by slice. Figure 2a) ). The investigated double emulsion W 1 /O/W 2 was prepared as described in 2.1.1 with the speciality that W 2 didn"t contain Xanthan. The spectrum amplitudes depend on the gradient amplitude as it is expected for signal from diffusing molecules. In Figure  2b ) the logarithmic signal attenuation of the double emulsion is shown together with the logarithmic signal attenuations of W 1 and W 1 /O single emulsion, which were retained during the production process. The pure water phase W 1 only shows a signal near g = 0 T/m (Figure 2 b) , ). This is due to free self-diffusion of water molecules in W 1 . The diffusion coefficient is in accordance with the water self diffusion at the measurement temperature of 22°C. The NMR data of the single emulsion, shown in figure 2b), was modelled with the MCmodel. Assuming a log-normal distribution function for the DSD, it revealed a median d 50,3 ≈ 3.5 µm with a width of σ ≈ 0.5 of the corresponding Gaussian distribution. By a Coulter Counter LS230 laser diffraction device, the median of the single emulsion"s DSD was determined to d 50,3 ≈ 2 µm. Comparing both results, the difference of d 50,3 is within the mean standard deviation specified on the Coulter Counter. However, the signal attenuation of the double emulsion differs significantly from the attenuation of the single emulsion. Modelling of the data with the MC-model leads to d 50,3 ≈ 7 µm with a width of σ ≈ 0.75. Assuming a complete preservation of the simple emulsion"s properties this DSD is physically meaningless. In the analysis, the whole water signal was considered and lead to the wrong DSD. But there are possible reasons for the failure of the data modelling:
PFG-STE NMR
Results
NMR Signal Attenuation of Double
 Also fractions of W 2 following the laws of restricted diffusion could have influenced the signal attenuation.
 Diffusion between the two water phases could occur, which leads to an imprecise separation of the signal of the two water phases. This means, diffusion takes place through the oil phase, which is called molecular exchange in our context. The bounds of the oil droplets function as a thin membrane in this picture. This phenomenon is also described for different inhomogeneous systems 5-10 .
Influence of restriction on water diffusion in W 2 .
In Figure 3 
Figure 3 Signal attenuation of O/W emulsions with different disperse phase ratios φ.
The logarithmic signal attenuation of the pure continuous phase is a linear function of q², which was expected because of free self-diffusion. The curvature of ln(S/S 0 ) increases with growing disperse phase ratio, because of increasing non-spherical restriction of the water molecules between the oil droplets. However, taking the small range of q² into account, the influence of this effect is marginal. Regarding the range of q² of common PFG-NMR experiments (Figure 2b) , the effect can be neglected for W 1 diffusional behaviour. Concluding, the outer phases in single emulsions as well as the outermost phase in double emulsions have to be considered as following restricted diffusion even at very small disperse phase concentrations.
Diffusion Phenomena between W 1 and W 2 in W 1 /O/W 2 .
In several publications, the possibility of molecular exchange in double emulsions is discussed [5] [6] [7] [8] [9] [10] [11] [12] . In some publications [8] [9] [10] , a molecular exchange model was applied, which originally was found to be applicable in case of cellular systems [5] [6] [7] . There is, however, some controversy whether such effects are observed or other phenomena are responsible for the experimental results. One argument against the exchange hypothesis is that the solubility of the two substances is low and they tend to separate when mixed. To find out if and on which time scale diffusion between W 1 and W 2 takes place 11 , the idea was to add a small amount of Xanthan to W 2 . Xanthan is a common thickener, also used in food industry. It increases the viscosity and consequently decreases the mobility of molecules. In Figure 4a ) NMR data obtained from a double emulsion with Xanthan in W 2 is shown. In comparison to a double emulsion without Xanthan (Figure 2a) ), a sudden drop occurs after the first gradient step. This difference could be explained by decreased exchange between W 1 and W 2 . To verify this suspicion, another experiment was performed, using driven diffusion effects. Right before the NMR experiment, the W 1 /O/W 2 double emulsions with Xanthan in W 2 were diluted with additional 50% W 2 , containing different amounts of sugar (1%, 5%, 15%). To avoid further large energy input, the additional phase was added by hand while stirring with a glass stick. As shown in (Figure 4 b)-d) ), the signals at g > 0 T/m disappear with increasing sugar concentration. By adding sugar, the equilibrium of exchange was influenced, and driven diffusion from W 1 to W 2 took place. The process continues on a short time scale until a new equilibrium between the two phases is established. Regarding this fact, the conclusion is that, despite of Xanthan in the outer water phase, molecular exchange between W 1 and W 2 occurs. However, the exchange rate is that low that it is negligible on the time scale of the NMR experiments. This observation is proofed by pictures made with a CLSM, shown in Figure 5 . Here, a double emulsion with Xanthan in W 2 was recorded before adding additional W 2 , containing 15% sugar. The process was observed online while adding the phase. During the disappearance of W 1 it was observed in the CLSM experiments that the W 1 -droplets near the interface of the oil droplets toW 2 tend to move fast along the boundary of the oil droplet. In contrast to that, the W 1 -droplets in the centre of the oil droplets seem not to be influenced by the sugar in the outer water phase and do not move on a short time scale. The impression is that the exchange processes start from the interface of the oil droplets to W 2 , but no evidence is found that complete W 1 -droplets break the oil droplet"s interface. A rearrangement of the remaining W 1 droplets toward the droplet"s boundary occurs on a longer time scale as the system aims for concentration equilibrium. This process can be observed until the W 1 -droplets disappeared completely. 2 . A two compartment model is applicable. The two water phases can be regarded as independent and completely separate on the experimental time scale on which the exchange is negligible. The total water signal is observed near g = 0 T/m. At higher gradient amplitudes, W 2 is negligible or even not measurable. To eliminate the signal of outer water, the measured points over q² can be cut at the second gradient step. Discarding the signal near g = 0 T/m, the signal of W 1 can now be processed with the MC-model. Therefore, the inner water phase of double emulsions of the type W 1 /O/W 2 can be characterised, and its DSD is found to be consistent with other measuring techniques.
PFG-NMR is a suitable method to characterise W 1 /O/W 2 double emulsions with respect to DSD and molecular exchange phenomena. Due to the molecular exchange between both water phases, a characterisation with the common models as the MC-model is not generally possible. With Xanthan in W 2 of W 1 /O/W 2 double emulsions, a two compartment model is applicable. The water phases can be regarded as independent. Thereby, the separated signal of the inner water phase can be evaluated by the MC-model applicable and known from investigations of single emulsions. In case of other W 1 /O/W 2 recipes, the exchange model can successfully be applied, revealing the DSD of the inner emulsions.
